224
weighing 20-26 kg. During a period of 1-2 months prior to surgery each animal was thoroughly trained to lie on a table for periods up to several hours, and did so during the experiments without evident discomfort. All three appeared normally active by the end of the first week after surgery, and had hematocrits over 40 %. One phasic flow record (Fig. I) showing the initial portion of a reactive hyperemia response was obtained in a fourth animal which was used for other purposes.
Under intravenous pentobarbital anesthesia (approximately 30 mg/kg body wt), and with artificial respiration provided by a Harvard respiration pump, the chest was opened in the left fifth intercostal space. The pericardium was opened widely, and the circumflex branch of the left coronary artery was dissected for implantation of an electromagnetic flowmeter.
A second site, a few millimeters distally, was dissected for implantation of a polyethylene snare (6) for occlusion of the artery. The snare site was chosen so that no arterial branches were between the flowmeter and snare, and yet the site was sufficiently removed to allow for an intervening bridge of tissue to separate the snare from the flowmeter.
A stiff aortic pressure catheter (Surflene manufactured by ITT Surprenant Corp., Clinton, Mass.) with I-cm pieces of soft polyvinyl at each end, was introduced into the ascending aorta to the level of the origin of the brachicephalic artery by way of the left common carotid artery, and the position of its tip in the aortic lumen was checked by palpation. An electromagnetic flowmeter (7) of appropriate size was implanted on the circumflex branch; the snares were implanted and the pericardium closed. The chest was then closed in layers and air was evacuated by waterseal drainage.
The aortic pressure catheter terminated in a nylon stopcock which together with the flow transducer connector was implanted in the skin of the interscapular space. The coronary sinus catheter was brought out through a stab wound in the 9th or 10th interspace, and 2 Two of these animals were used for metabolic studies. In these, a second snare was implanted near the origin of the descendens branch, and a specially designed sampling catheter (I o) was tied into the coronary sinus. mg pentobarbital/kg body wt into the aortic pressure tube. At autopsy, the thoracic viscera were normal except for pleural and pericardial adhesions. The coronary arteries were patent, and no evidence of myocardial infarction was noted. The circumflex branch of the left coronary artery was perfused with a solution of basic fuchsin and after the total heart and left ventricular weights were determined, the dyed portion of the ventricle was cut out and weighed separately.
-
Prior to implantation, the flowmeters were calibrated in a gravity system using dog arteries of appropriate size with bloods having hematocrits ranging between 30 and 50 %. Immediately upon removal, they were recalibrated with blood having approximately the same hematocrit as that of the experimental animal. In two animals, the calibration after implantation was within 5 % of the original; in the third, the calibrations differed by 12%. In the analysis of phasic flow records, the beginning of systole was measured from the deflection in the aortic pressure curve due to isometric contraction. This coincides with the onset of a rapid decrease in coronary flow, as is evident in the control record of Fig. I 
RESULTS
On the first or second day after surgery the heart rates in all three animals used for coronary flow studies were in the range of I 00-1 I o/min, but fell progressively thereafter to stable values by the end of the first postoperative week. The decrease in one animal was only to go/min, but in the other two, rates consistently below 70 and occasionally as low as 55/min were recorded. Coronary flow rates in all three animals were on the order of IOO ml/100 g per min a day or two after surgery, and fell progressively thereafter to stable values on the order of 30-45 ml/100 g per min by the end of the first postoperative week. Although these are regarded as resting but not basal flow rate values, they may be very nearly basal for animals in this condition, since they did not decrease further on the occasions the animals fell asleep during an experimental run. Phasic coronary flow during reactive hyperemza. Figure I is taken from a record of a reactive hyperemia experiment which typifies the findings in this group of animals. The coronary flow curve in the control record shows two features of interest.
There is momentary backflow at the end of isometric systole. This finding is often seen in conscious animals having slow heart rates and relatively low coronary flow rates. A second finding, apparently also dependent upon slow heart rate, is a momentary reduction in flow rate of about 30 % late in diastole, which is relatively smaller but still evident during reactive hyperemia. This reduction coincides closely with the deflection in the aortic pressure curve due to atria1 systole, which suggests that the rise in ventricular pressure associated with atria1 systole, although it amounts to only a few millimeters of mercury, nonetheless may alter coronary transmural pressure to a degree sufficient to significantly alter coronary vascular resistance and hence coronary flow. This effect is not evident at heart rates above 12o/min, possibly as a result of shortening of the interval between atria1 and ventricular contractions. Peak reactive hyperemia flow rates were usually attained from 5 to IO set after the end of occlusion. Occlusions of about 5-7 set were sufficient to elicit maximum increases in stroke coronary flow rate. Depending on the control flow rate, this increase varied from 300 to 700 %, but the absolute value is essentially constant for any animal .at any length of occlusion greater than this lower limit. As Fig. I illustrates, both systolic and diastolic stroke flows increase rapidly upon release of the snare, though not at the same rate nor to the same degree relative to the control value. Systolic stroke flow increases more rapidly following release of the snare, and peak systolic stroke flow is attained several beats earlier than diastolic, usually at a time before mean systolic aortic pressure has returned to control values.
The percentage increase in peak systolic and diastolic stroke flow is approximately equal when the duration of occlusion is on the order of 5 sec. When the duration of occlusion is IO set or more, the percentage increase in diastolic stroke flow is essentially unchanged, but that of systolic stroke flow is further increased. In the experiment shown, systolic stroke flow increased to 724% of control. The percentage increase in systolic stroke flow in extreme cases'may exceed that of diastolic stroke flow by as much as one-third. This effect is most pronounced when occlusion leads to a significant fall in aortic blood pressure (as in occlusions I 5-30 set in length), suggesting that the disproportionate increase in systolic flow reflects, at least in part, a decrease in extravascular resist- ante to flow resulting from impaired contractile force. Because diastolic stroke flow is so preponderant at the heart rates prevailing in these dogs, this relatively larger increase in systolic stroke flow reduces the diastolic contribution to stroke flow only slightly (IO % or less). The increase in systolic flow during reactive hyperemia, in terms of absolute values, is significant.
In the experiment shown in Fig. I , the peak volume of systolic flow during reactive hyperemia is almost double the total stroke flow during the control period, 0.405 and 0.256 ml, respectively.
As one might expect, peak diastolic flow rates usually occur after diastolic blood pressure has returned to normal and, if occlusion has caused the heart rate to rise, when the rate is at or near control values.
Further evidence of a decrease in myocardial contractile force during coronary occlusion was obtained in the three animals used for studies of ventricular pressure and ascending aortic flow. Figure 2 shows excerpts of the record of one of these experiments in which the duration of occlusion was 15 sec. Hemodynamic changes were not evident before 5-7 set of coronary occlusion; 15-20 set of occlusion were sufficient to elieit maximal changes in all parameters measured. Heart rate was increased, the percentage increase depending largely on the control rate. Stroke cardiac output fell by as much as a third, but due to the increase in heart rate, cardiac output per minute fell by only about 20 %. Accordingly, the time spent in systole per beat, measured from the onset of isometric pressure rise to the point at which the pressure again reached end-diastolic levels, was slightly increased, even though the heart rate was increased at this time. The duration of ejection, measured both from aortic pressure and flow curves, was decreased, however, and the systolic portion of the aortic pressure curve assumed a rounded shape. Thus, while the ejection time decreased, the time spent by the ventricle in systole, per beat as well as per minute, was actually increased.
The ventricular pressure records of one of these animals consistently showed short, low-frequency vibrations o. I 6 set after aortic valve closure which appeared 5-7 set after the beginning of occlusion and disappeared within IO set after the end of occlusion. Because of their timing in the cardiac cycle and because their appearance and disappearance coincided with elevation in end-diastolic pressure, these were thought to be an equivalent of a ventricular diastolic gallop. age value for overpayment was 500 9~ 200 % (SD). This wide variation in the volume of reactive hyperemia flow for a given volume of flow debt suggested that increases in flow debt brought about by lengthening the duration of occlusion might be qualitatively different from increases due to increased control flow rates. Accordingly, the influence of the two variables was separated by holding one variable constant and plotting the volume of reactive hyperemia flow as a function of the other. Only one animal had a sufficiently wide range of flow rates for the purpose of this analysis.
In Fig. 3 , data grouped according to the control flow rate are plotted as a function of the duration of occlusion. When the duration of occlusion is greater than o. I min, the volume of hyperemia flow increases linearly with increasing duration of occlusion. At higher control flow rates, the volume is increased and the effect of the duration of occlusion is larger, as evidenced by the upward displacement and increased slope of the lines describing these experiments. When the duration of occlusion is less than o. I min, there is relatively less flow than one would expect from the linear relationship described above.
In Fig. 4 , the data were grouped according to the duration of occlusion, and the volume of reactive hyperemia flow was plotted as a function of the control flow rate. The relationship is not linear, there being relatively less flow for a given length of occlusion as the control flow rises. As one would expect from the previous figure, increasing lengths of occlusion cause larger volumes of flow, the curves describing longer occlusions being displaced upward.
The data plotted in Fig. 3 and 4 were taken from experiments in which the circumflex branch alone was occluded, and also from metabolic experiments in which both the descendens and circumflex branches were occluded and coronary flow was measured only in the circumflex branch.
It was impossible to distinguish between the two, and for this reason the data were not plotted separately. This finding suggests that the presence of hyperemia in another portion of the heart does not influence reactive hyperemia in the bed under study.
The influence of aortic pressure on the volume of reactive hyperemia flow could not be evaluated directly, for the mean aortic pressure showed no significant dayto-day variations.
The experiments plotted in Fig. 3 and 4 do not include the results of experiments done after the administration of atropine or guanethidine. Those drugs were administered in order to assess the influence of the autonomic nervous system on the reactive hyperemia response. In both animals used for these studies atropine increased heart rate and coronary blood flow. The same changes were noted for an hour or so after the administration of guanethidine, but by the following day, heart rate and coronary flow rate had returned to pretreatment levels (30-40 ml/100 g per min and 60-70 beats/ min). Guanethidine did not lower mean aortic blood pressure in these animals. The volume of reactive hyperemia flow for a given duration of occlusion was increased after the acute administration of either drug, but by an amount that could be explained solely by the increase in control flow rate. Experiments done 24 hr after each dose of guanethidine gave results essentially the same as the experiments done before the drug was administered.
It is possible that some effect would have been noted had the control flows and heart rates not been as low.
DISCUSSION
It is not maintained that the studies reported herein were done in entirely normal animals. The dogs, however, were studied 5-24 days after surgery, their state of health was exceptionally good, and coronary flow rate and heart rate were in the range one might expect in trained dogs which had not undergone surgery. dogs. The studies of the repayment of flow debt show that the control flow rate and the duration of occlusion are important determinants of the volume of reactive hyperemia flow. The differences in the shapes of the curves of Fig. 3 and 4 suggest that the manner in which these factors exert their influence may be qualitatively different.
The clearly defined manner in which increasing flow debt, by an increase in either the control flow rate or the duration of occlusion, leads to an increase in the volume of reactive hyperemia flow, strengthens the contention that reactive hyperemia in the myocardium is essentially a metabolic rather than a physical response. The sizeable overpayment of flow debt with occlusions as short as I .2 set (an interval of less than two heart beats at the heart rate at the time of the experiment) indicates that the causative mechanism is activated by very brief intervals of coronary occlusion.
The overpayment of flow debts by such consistently large margins suggests that reactive hyperemia flow is only indirectly related to whatever metabolic debt is incurred during the occlusion period.
The release of vasodilator metabolites capable of stimulating flow out of proportion to the anoxia leading to their production is a possible explanation for this discrepancy. The results of the drug studies do not support a neural mechanism as the cause of reactive hyperemia. Nor is it likely that direct mechanical stimulation of the artery by the snare at the time of occlusion is of any importance. Tugging at the snares without actually occluding the artery fails to change the coronary flow rate unless this manipulation causes the animal discomfort. There appears to be no difference in either the volume or time course of reactive hyperemia flow in the circumflex bed when one compares experiments in which the circumflex branch alone is occluded with experiments in which both the descendens and circumflex branches are occluded.
If significant collateral flow from the descendens to the circumflex bed occurred while the
